As the population ages, the prevalence of diastolic dysfunction and heart failure with preserved ejection fraction is rising. The presentation and management of these patients is increasing in frequency and requires an understanding of its pathophysiology, diagnostic methodology, as well as modern therapy for optimal outcome. This review will discuss the mechanisms, clinical stages, diagnostic grading, and therapeutic options for the management of diastolic dysfunction.
Introduction
With continued advances in population health and safety, life expectancy has steadily increased. Congestive heart failure is among those diseases growing in prevalence as the population ages. It is estimated that 870,000 new cases of heart failure will be diagnosed this year, approaching 10 per 1,000 population over 65 years of age. 1 Diastolic dysfunction (DD) is defined as an increase in left ventricular (LV) stiffness with abnormal relaxation and filling.
2, 3 Hunt recently described DD as abnormal filling pressures in the setting of normal contractility. 4 Though these abnormalities are present in patients with systolic heart failure, they can also be observed in patients with heart failure symptoms and a normal or near-normal ejection fraction (EF), described as diastolic heart failure or heart failure with preserved EF (HFPEF). This review will discuss the epidemiology of HFPEF, normal and abnormal cardiac relaxation, as well as the diagnosis and management of these patients.
HFPEF occurs when diastolic abnormalities impair the cardiac function, resulting in the inability to maintain the metabolic demands of the body, or requiring higher filling pressure to do so, producing symptoms of exercise intolerance and congestion. Systolic function, as measured by the LV ejection fraction (LVEF), is in the normal to near-normal (>50%) range. Approximately half of the patients presenting with heart failure will be diagnosed with HFPEF, and as the population ages, this number is expected to rise.
While the clinical presentation, hospitalization rates, morbidity, and mortality of HFPEF are similar to those of heart failure with reduced EF (HFREF), there are many characteristics that are unique to HFPEF. HFPEF is more prevalent in women and more common with aging, obesity, and in African-Americans. Patients with HFPEF have more comorbidities than the patients with HFREF and are less likely to have obstructive
Etiology
The two most common etiologies for HFPEF are hypertension and coronary artery disease (CAD). Other etiologies of HFPEF can be classified as systemic causes, such as obesity, diabetes mellitus, and advanced age; myocardial causes, including aortic stenosis, and cardiomyopathies such as hypertrophic obstructive; infiltrative diseases, including sarcoidosis; and pericardial causes, such as constrictive pericarditis and pericardial effusion 11 (Table 1) . Precipitating factors include ischemia, tachycardia, volume overload, arrhythmias, especially AF, and systemic stressors such as anemia and infection. 12 Poor prognostic factors include advanced age, African-American race, and the presence of diabetes, renal disease, New York Heart Association (NYHA) functional class III or IV symptoms, and DD with restrictive filling. 13 
Pathophysiology
Diastole is defined as LV filling from the left atrium (LA) following the opening of a nonobstructed mitral valve and is affected by effective circulating plasma volume, the passive elastic properties of the ventricle, active relaxation, and the contribution from atrial contraction.
Diastole is an active process requiring adenosine triphosphate (ATP) and is mediated by the action of the cytoskeleton protein titin, an elastic protein that regulates passive tension, stiffness, and sarcomere stretch, and the intracellular regulation of calcium sensitivity and availability. Calcium sequestration into the sarcoplasmic reticulum is one of the major mechanisms of diastole. Normally, calcium is removed from the cytosol by three mechanisms: 70% of calcium removal occurs by the enzyme sarcoplasmic reticulum ATPase 2a (SERCA2a), 28% through the sodium calcium exchanger (NCX), and the remainder by uptake into the mitochondria and removal through a plasma membrane Ca 2+ ATPase. 14 The activity of SERCA2a is regulated by the protein phospholamban (PLB). In its native state, PLB inhibits SERCA2a, while phosphorylation of PLB activates SERCA2a, causing calcium removal from the cytosol. 15 The activity of PLB is regulated by calmodulin protein kinase II (CaMKII), the enzyme responsible for phosphorylating PLB.
In the sarcoplasmic reticulum (SR), the main calcium receptor is the ryanodine type 2-receptor (RyR2). The RyR2 is responsible for the massive release of calcium from the SR during the plateau phase of the action potential. Phosphorylation of this receptor by CaMKII increases the calcium sensitivity, causing the release of calcium and "hyperphosphorylation" of RyR2 by CaMKII. This makes the calcium "leak" out of the SR during diastole, which has been implicated in the development of AF and heart failure. 16 Resting ventricular stiffness is mediated by the extracellular matrix and by the sarcomere spanning protein, titin. Titin, a cytoskeletal elastic protein that regulates passive tension, stiffness, and sarcomere stretch by functioning as a bidirectional spring, is responsible for early diastolic recoil and for creating the diastolic suction required for early filling and late diastolic resistance to stretch. 17, 18 Titin is present in two isoforms: the rigid N2B and the more compliant N2BA. The ratio and the phosphorylation state of these two isoforms determine the The extracellular matrix also controls the ventricular stiffness by varying the type, amount, cross-linking, and degradation of collagen, and is mediated by degradation by matrix metalloproteinases (MMPs), including MMP-1, MMP-2, and MMP-9, and inhibition of collagen degradation by the tissue inhibitors of matrix metalloproteinases (TIMPs), especially TIMP-1. 21 Nitric oxide (NO) and the natriuretic peptides (NPs) are also responsible for normal diastolic function. NO modulates β-adrenergic responsiveness and enhances LV relaxation and distensibility by reducing the myofilament sensitivity to calcium. 22 NO also activates guanylate cyclase, enhancing cyclic guanosine monophosphate generation and activating PKG. PKG enhances calcium reuptake into the SR, suppresses hypertrophic and fibrotic signaling, and stimulates LV relaxation and distensibility by phosphorylation of troponin I and stiff titin N2B. 17 The NPs activate guanylate cyclase and stimulate SR cyclic guanosine monophosphate generation and PKG activation. 23 Atrial and brain NPs stimulate natriuresis, vasodilation, and myocardial relaxation, while inhibiting neurohormonal activation, LV fibrosis, and hypertrophy. 24, 25 DD occurs due to increased LV stiffness and impaired LV relaxation.
Increased LV stiffness
Increased LV stiffness is the most common finding in HFPEF, and is due to changes in the isoform ratio and phosphorylation state of titin and also changes in the extracellular matrix. [26] [27] [28] Increased N2B decreases the N2Ba/N2B ratio, resulting in impaired early diastolic filling and reduced compliance. 19 Increased expression of the N2B isoform is seen with arterial stiffness, producing diastolic stiffness.
Increased myocyte growth is accompanied by increased connective tissue and myocardial stiffness. The degree of myocardial stiffness is determined by the composition and turnover rate of the extracellular matrix collagen accumulation, a change in the collagen phenotype, and by enhanced collagen cross-linking. [29] [30] [31] This manifests as an increased fibrillar collagen content with altered geometry and an increased collagen I to III isotype ratio. 32 LV hypertrophy (LVH), an adaptive response to pressure and volume overload, further exacerbates myocardial stiffness because the thickened myocardium is fibrotic. Instead of left ventricular hypertrophy (LVH), patients with HFPEF may only have evidence of concentric remodeling, with an increase in wall thickness relative to cavity size. [33] [34] [35] Prolonged LVH may contribute to cardiac dysfunction and a significant increase in the risk of cardiovascular disease. 36 Severe LVH reduces subendocardial coronary flow reserve, further impairing diastolic function. 12 In the Irbesartan in HFPEF (iPRESERVE) and Treatment of Preserved Cardiac Function Heart Failure with an Aldosterone Antagonist (TOP-CAT) trials, >50% of patients either had LVH or concentric remodeling, and those patients tended to have poorer heart failure-related outcomes. 37, 38 Neurohormonal activation and the release of angiotensin II, aldosterone, and norepinephrine promote vasoconstriction, salt retention, cardiomyocyte hypertrophy, and fibrosis. 39, 40 The inflammatory mediators interleukin (IL)-1 and IL-18 may contribute to LVH and fibrosis by the upregulation of osteopontin. 41 Besides promoting fibrosis, IL-1 and IL-18 have negative lusitropic effects, further impairing diastolic function, suggesting that acute or chronic inflammation promotes DD.
5

Impaired LV relaxation
LV relaxation is an active energy-requiring process, requiring ATP to release actin myosin crossbridges as well as for restoring the physiologic calcium concentration. Myocyte relaxation occurs when there is reduced myofibrillar sensitivity to calcium, occurring through the phosphorylation of troponin I by protein kinase A in an energy-dependent process. 42 Patients with HFPEF have reduced myocardial energy reserve, thereby reducing the phosphorylation of troponin I, the rate of dissociation of calcium from troponin, and the dissociation of actin to myosin. Perturbations of ATP or calcium levels impair LV relaxation. 14 During the plateau phase of the action potential, the extracellular calcium influx triggers a calcium-mediated calcium release by the ryanodine receptor (RyR2). RyR2 calcium efflux also occurs with β-stimulation by CaMKII. Phosphorylation of RyR2 at serine 2809 and 2815 increases RyR2 sensitivity to calcium, enhancing the transport during contraction and relaxation phases. 43 The compressed form of titin, N2B, also facilitates the resolution of systole by desensitizing the actin-myosin complex to calcium. 31 The stiff N2B is phosphorylated by protein kinase A, while the compliant N2BA is phosphorylated by CaMKII, which induces conformational changes in titin that reduce or increase the resting stiffness, respectively, as demonstrated in Figure 1 . 19, 20 Ventricular stiffness is also affected by extracellular collagen cross-linking and degradation by metalloproteinases (MMP-1, -2, and -9), renin-angiotensin-aldosterone system (RAAS), and transforming growth factor beta (TGF-β). 21 
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Cardiac remodeling in HFPEF is different from that seen in systolic heart failure. Concentric ventricular hypertrophy and normal systolic function are the hallmarks of HFPEF. Comorbidities, especially obesity, increase the systemic inflammation, leading to endothelial dysfunction and an increase in oxygen-free radicals. 28 These oxidative stress factors decrease NO and PKG, while increasing the CaMKII activity, and in turn increasing the concentration of N2B and the resting ventricular stiffness. 29 Increased muscle mass, interstitial fibrosis, hypertension, and aging reduce ventricular compliance and lead to reduced filling and higher resting pressures. RAAS activation leads to DD indirectly by increasing the afterload and inducing hypertrophic ventricular remodeling. Lower levels of PKG, which normally inhibit cellular hypertrophy, promote concentric hypertrophy. Relatively recent studies of the cellular structure and mechanism of DD in patients offer a unifying underlying mechanism behind the disparate comorbid conditions. 34 Ventricular remodeling, endothelial dysfunction, reduction in NO, abnormal calcium handling, inflammation, and oxidative stresses all combine to reduce ventricular filling and compliance. 44, 45 Alterations in the extracellular matrix, increases in collagen deposition and cross-linking, as well as reduced elastin cause the aging, hypertensive, hypertrophied ventricles to stiffen. 29, 46, 47 Collagen degradation and deposition is increased with elevated levels of circulating neurohormones and TGF-β. TGF-β levels increase during myocardial inflammation and induce fibroblast differentiation to myofibroblasts. Myofibroblasts increase collagen deposition, inflammatory signal production, including IL-6 and IL-8, and monocyte chemoattractants. 45 The downregulation of MMPs and upregulation of their inhibitors result in the aggregation of structural proteins and fibrosis. 48, 49 In addition to these myocyte structural changes, viral infections of coronary endothelial cells demonstrate their importance in normal diastolic function. 50 In addition to structural changes, alterations in calcium handling increase ventricular stiffness. The decreased elimination of cytosolic calcium results in increased diastolic calcium and impaired relaxation. This increase in diastolic calcium is due to reduction in calcium transporter function, phosphorylation of PLB, and increased RyR2 calcium outflow. RyR2 receptors may open spontaneously, releasing calcium stores during diastole in patients with HFPEF. This efflux of calcium is exchanged for sodium through the NCX transporters, increasing the intracellular sodium and inducing uncoordinated spontaneous depolarization of resting cells. 32 Even without frank depolarization, these elevations in cytosol sodium concentrations can facilitate diastolic calcium influx through NCX channels. 51, 52 This increase in cytosolic calcium during diastole reduces the available intracellular calcium required for contraction during systole, resulting in subclinical systolic dysfunction. 
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Insulin resistance and obesity alter cellular glucose availability and reduce ATP availability during ischemia. 53 This reduction in ATP further impairs the calcium transport channels due to limited fatty acid metabolism. Taken together, these alterations in hormonal, structural, ion transport, energy use, and coordination all lead to increased structural and functional ventricular stiffness. 54 In addition, hyperglycemia damages the mitochondria, leading to additional free-radical burden. 55 Similar pathways are activated in chronic hypertension. 49 The pathophysiology of HFPEF involves increased LV and arterial stiffness, metabolic energy derangements, and ventricular systolic and diastolic abnormalities, resulting in abnormal LV relaxation and increased LV end-diastolic and pulmonary artery pressures. These disturbances first appear after exercise or are exacerbated by exercise, and are compounded by impaired chronotropic responses, systemic vasodilation, and heart rate recovery following exercise, as well as impaired atrial functional reserve. The resultant increase in LA pressure is transmitted to the pulmonary veins, producing pulmonary arteriole vasoconstriction, vascular remodeling, and fixed postcapillary pulmonary hypertension. Postcapillary pulmonary hypertension is common in HFPEF. 56 The resultant increase in right ventricular afterload impairs the forward flow, further impairing LV filling.
Abnormal diastolic filling can be found in patients before the development of LVH or a change in systolic function. Mechanisms contributing to abnormal diastolic filling include stiffening of large arteries, hypertension (HTN), ischemia, diabetes, and myocardial fibrosis. Vascular endothelial dysfunction contributes to the development of DD through impaired NO production, increased NO degradation, and hyporesponsiveness in vascular smooth muscle. 57, 58 Patients with HFPEF have abnormal LV relaxation and increased LV stiffness, shifting the diastolic pressure-volume relationship upward and to the left ( Figure 2 ). During exercise, there is increased LV stiffness, producing increased end-diastolic pressure and decreased stroke volume. 59 Other abnormalities during exercise include reduction in both systolic and diastolic function, increased pulmonary capillary wedge pressure with a low stroke volume index and work rate, and an increase in end-diastolic pressure (EDP) and elastance due to impaired relaxation, leading to exercise intolerance. 60 This increase in elastance can reduce the LVEF, stroke volume, and cardiac output. 61 Besides impaired passive relaxation, there is also reduced active relaxation, decreasing the LV filling during exercise, and failure of the Frank-Starling mechanism. 62 Patients with low LV diastolic function reserve index had higher LV diastolic elastance during exercise and reduced exercise capacity.
63
To compensate for the reduced filling due to slowed relaxation during early diastole, the LV is more dependent on atrial contraction. The LA can partially compensate the decrease in early diastolic filling until atrial dilation and failure occurs in the later stages of the disease.
Another result of the increased stiffness is ventricularvascular uncoupling. Ventricular-vascular coupling (VVC) is the interaction between the heart and the vasculature, and is essential to achieve maximal cardiac work, power, and chamber efficiency while maintaining the blood pressure and the cardiac output. 64 VVC is defined as the ratio of arterial to end-systolic elastance, as calculated from the slope of the end-systolic pressure-volume relation and the ratio of end-systolic pressure/stroke volume. In normal patients, exercise is usually associated with a reduction in systemic vascular resistance. In patients with HFPEF, the resting VCC is lower during exercise, resulting in an inappropriate increase in systemic vascular resistance, impairing LV emptying during systole precipitated by the increase in afterload. 5, 65 Other clinical manifestations include impaired chronotropic and systemic vasodilator responses to exercise, as well as reduced cardiac output reserve and blunted baroreceptor sensitivity. 66 These patients also exhibit volume overload with anemia, renal dysfunction, and obesity. 67 Patients with HFPEF have increased plasma volume due to neurohormonal activation of the RAAS and arginine vasopressin systems. This can manifest as acute decompensated cardiac failure either due to gradual fluid accumulation and worsening symptoms or, more commonly, as acute hypertensive failure characterized by hypertension, decreased 
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Tawil and Gelzinis contractility, afterload mismatch, and diastolic LV failure. 64 The combination of LV and arterial stiffness, shifting the diastolic pressure-volume relationship upward and to the left, increases the sensitivity to both preload and afterload. A small increase in volume significantly increasing the LVEDP and/or an increase in afterload produces afterload mismatch, slowing LV active relaxation and transmitting these elevated pressures to the pulmonary veins and lungs, precipitating pulmonary edema. 68 While the resting LVEF may appear normal in patients with HFPEF, during exercise or with increased venous return, the LVEF may fail to increase or even decrease, reflecting impaired contractile reserve or inducible systolic dysfunction. The inability of the LVEF and cardiac output to increase during exercise is a key feature of heart failure, known as impaired contractile reserve. 69, 70 Mechanisms for impaired contractile reserve include the presence of a small LV cavity, decreasing both stroke volume and end-systolic volume, the inability to increase end-systolic volume during exercise, 71 β-receptor desensitization, either due to overstimulation by neurohormonal activation or downregulation of β-receptors 72 or systemic inflammation, causing cytokine-mediated desensitization of β-receptors. 73 These mechanisms contribute to exercise intolerance and produce a blunted response to physical exertion and β-agonists.
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HFPEF is also associated with reduced aerobic capacity, as measured by peak oxygen consumption (VO 2 ). A reduced peak VO 2 is a result of a blunted exercise-induced increase in cardiac output and a diminished ability to extract and utilize oxygen for energy production in skeletal muscle. 75 Ventilator inefficiency contributes to the heart failure symptoms and diminished aerobic capacity. There is an abnormal mismatch between minute ventilation and carbon dioxide production, leading to an elevated slope of the VE/VCO 2 curve. 76 An abnormal VE/VCO 2 slope is also associated with postcapillary pulmonary hypertension in all types of heart failure. An end diastolic volume (EDV) <97 mL/m 2 is required to establish a diagnosis of HFPEF. 8, 77 Primary HFPEF cannot be diagnosed in the presence of severe mitral and aortic valvular disease, LV outflow traction obstruction, as seen in hypertrophic or hypertensive cardiomyopathy, and impaired LV filling due to tachyarrhythmias.
Diagnosis
HFPEF is a heterogeneous syndrome that encompasses cardiovascular, metabolic, and proinflammatory diseases associated with advanced age and extracardiac comorbidities and is a diagnosis of exclusion. Patients with HFPEF are usually older, African-Americans, females, and present with obesity, diabetes, CAD, and hypertension, the most common comorbidities associated with HFPEF. 78, 79 The presence of LVH is a component of the European Society of Cardiology guidelines for the diagnostic pathway for HFPEF. 80 Atrial fibrillation occurs in approximately one-third of patients with HFPEF. It is more prevalent in decompensated heart failure regardless of the type; but compared to HFREF, AF is more frequent in patients with HFPEF. 81, 82 The high filling pressures associated with a stiff noncompliant ventricle lead to LA enlargement, resulting in AF. The end result is a loss of atrial contraction, decreased late diastolic filling, and a reduced cardiac output. 83 AF is also associated with increased LV fibrosis, which can contribute to the development of DD. 84 AF was associated with adverse cardiovascular outcomes in the Candesartan in Heart failure -Assessment of Reduction in Mortality and morbidity (CHARM) study. 85 Ischemic heart disease is seen in HFPEF, but is more prevalent in HFREF. Ischemia contributes to HFPEF by increasing the LVEDP and myocardial stiffness. Diabetes mellitus (DM) is reported to be between 11% and 70%. 86 In the Framingham Health Study, diabetes was associated with a steeper increase in LV mass and wall thickness. In the CHARM study, a diagnosis of DM was associated with a poorer outcome regardless of the EF and there was a greater relative risk of developing HFPEF than HFREF in diabetics. 87 There is also a higher incidence of obesity in HFPEF patients than in patients with HFREF. Obesity can cause several symptoms found in HFPEF, including fatigue, dyspnea, and ankle swelling, and can cause obstructive sleep apnea (OSA), resulting in pulmonary hypertension and cor pulmonale. OSA can also account for several comorbidities seen in HFPEF, including HTN, LVH, diastolic impairment, and AF. 88 Obese patients without OSA have been shown to have impaired diastolic function, when compared to normal patients. 89 Pulmonary hypertension is associated with worse survival in HFPEF. The Prevention of Renal and Vascular Endstage Disease (PREVEND) study recruited 8,592 participants to determine the risk of developing heart failure (HF) in this patient population. 90 Three hundred and seventy-four cases of HF were described and of these, 125 were HFPEF. Female sex, older age, AF, increased urinary albumin excretion, and cystatin C were associated with a greater risk for developing HFPEF. In the Framingham Heart Study, 56,340 patients were followed over a 27-year period; it was found that AF, a higher body mass index, and smoking were associated with an increased risk of HFPEF. 91 A subset of this study also determined that airflow obstruction and asymptomatic baseline LV DD were associated with the development of HFPEF. 92 Patients 
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Diastolic dysfunction with HFPEF are more likely to die from noncardiovascular causes than the patients with HFREF, most likely due to the presence of multiple comorbidities that are associated with higher rates of noncardiovascular hospitalization and death. This may be why all the pharmacologic randomized controlled trials in patients with HFPEF have failed to show an improvement in overall mortality or hospitalization for heart failure.
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Differential diagnosis
Patients with HFPEF typically present either in acute heart failure with signs of pulmonary or peripheral congestion or with symptoms of breathlessness, fatigue, or exercise intolerance. In many cases, the signs and symptoms of HFPEF and HFREF are indistinguishable. Patients who present with HFPEF are usually older, females, obese, or AfricanAmericans, with diabetes mellitus and systolic hypertension, and are less likely to present with ischemia. Another sign more commonly seen with HFPEF is AF. Patients with abnormalities in diastolic function rely on atrial contraction for filling, and the development of AF, resulting from LA dilation, decreases the ventricular filling and cardiac output, producing pulmonary edema. The differential diagnosis of HFPEF depends on the presentation. The differential in patients presenting with acute heart failure in the emergency department includes cardiac or respiratory etiologies, extracardiac fluid overload, or a high-output state. In patients presenting as outpatients with breathlessness or exercise intolerance, obesity and physical deconditioning can be included in the differential. 86 Cardiac conditions in the differential of HFPEF include HFREF with an overestimation of the EF, valvular disease, atrial myxoma, pericardial disease, restrictive or hypertrophic cardiomyopathy, intracardiac shunt, severe hypertension, and acute coronary syndrome complicated by pulmonary edema. Echocardiography can be used to differentiate HFPEF from these conditions; but in patients with poor acoustic windows, other imaging modalities, such as cardiac magnetic resonance imaging (CMR), catheterization, or myocardial biopsy, may be required. Other indicators of HFPEF in the outpatient setting include ischemia without anginal pain, chronotropic incompetence, and dynamic mitral regurgitation; in these cases, exercise testing or stress echocardiography may be useful in diagnosing HFPEF.
Respiratory diseases may be difficult to distinguish from HFPEF because of the overlap between pulmonary hypertension, chronic obstructive pulmonary disease (COPD), and HFPEF. 56 COPD and other chronic lung diseases are prevalent in patients with HFPEF, and pulmonary hypertension can be a component of both. COPD can cause cor pulmonary with right ventricular failure, presenting as heart failure with the levels of NPs not diagnostic for a heart failure diagnosis. 94 Studies that may be useful to distinguish respiratory diseases from HFPEF include lung function tests, ventilation perfusion scanning, high-resolution computed tomography, sleep studies, and right heart catheterization.
Other diagnoses in the differential include conditions that produce extracardiac volume overload, such as nephrotic syndrome, anemia, hypothyroidism, arteriovenous fistula, or extracardiac shunting. If shortness of breath and fatigue are the initial presentation, obesity and physical deconditioning should be considered. In patients presenting initially with shortness of breath, HFPEF can be diagnosed using brain natriuretic peptide (BNP) and echocardiography. An NTproBNT of >120 pg/mL or BNP of >100 pg/mL without evidence of pulmonary disease should prompt further study with echocardiography to rule out valvular and pericardial disease, as well as HFREF, which would be diagnosed with an EF <50%. Other echocardiographic findings suggestive of HEPEF include an left ventricular end-diastolic index <76 mL/min 2 , a LA volume indexed to body surface area <29 mL/m 2 without AF, and a left ventricular mass index <96 g/m 2 in women and <113 g/m 2 in men. A left ventricular end-diastolic volume index >76 mL/min is suggestive of a high-output state. Tissue Doppler can be used to distinguish between HFPEF and CAD with deficient angina warning. In HFPEF, the tissue Doppler imaging (TDI) S wave is <6.5 cm/s and the E/E′ is >8.
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Since the first symptom of HFPEF is often exercise intolerance, patients presenting as outpatients may be asymptomatic with normal echocardiographic values at rest. Stress echocardiography can be useful in revealing exercise-induced diastolic impairment, dynamic mitral regurgitation, or silent ischemia. 95 Other causes of heart failure, especially HFREF, should be sought out to provide optimal treatment.
The problem with diagnosing DD and HFPEF is that there is no standard definition to describe these disease entities. Selmeryd et al examined how the classifications of DD by the European Association of Cardiovascular Imaging and the American Society of Echocardiography are used and how these variations affect the reported prevalence of DD in the community. 96 The problem with the European Association of Cardiovascular Imaging/American Society of Echocardiography algorithms is that there are no guidelines to deal with discordant measurements, leading to confusion when cardiologists were given the same premeasured variables. 97, 98 There were also large differences in HFPEF 
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Tawil and Gelzinis definitions and methods of using the algorithm between studies. 99, 100 Selmeryd et al performed a systematic review of studies utilizing diastolic dysfunction guidelines as set by the European Association of Cardiovascular Imaging/ American Society of Echocardiography (EACVI/ASE) and found discrepancies in the classification tree (one-level vs two-level) used. They also found that others did not grade the severity of DD or HFPEF. 96 The other problem with the algorithm is that there is no guidance on how the parameters in the algorithm should be weighed.
According to the European Society of Cardiology criteria, the diagnosis of HFPEF is based on the presence of heart failure symptoms in association with hemodynamic, Doppler echocardiographic, or biomarker evidence of abnormal LV relaxation, filling, distensibility, or stiffness. The clinical spectrum of this disease begins with DD and progresses to HFPEF.
Diastolic dysfunction
DD refers to abnormalities of active relaxation and passive ventricular filling. Typically, these abnormalities are attributed to delayed or incomplete myocardial relaxation or tissue elasticity, but may also result from pericardial constriction. There are four recognized grades of DD that can be diagnosed using two-dimensional (2D), pulsed wave Doppler and TDI. 2D echocardiography is used to assess LA size and volume, EF, and presence of LVH. Examination of the transmitral inflow pattern using pulsed wave Doppler measures the early (E) and late (A) flow velocities, the deceleration time (DT), the time from the peak E wave to the baseline, and the isovolumic relaxation time (IVRT), the time between aortic valve closure and mitral valve opening. TDI is used to measure the motion of the mitral valve annulus. The grades of DD and the presence of elevated filling pressures can further be determined utilizing pulmonary vein flow, provocation testing, propagation velocity, and speckle tracking of diastolic strain rate.
LA volume is a measure of DD and can be used to assess the risk of myocardial infarction, stroke, AF, and heart failure. 101 A left atrial volume of 28-33 mL/m 2 is graded as mild, 34-39 mL/m 2 as moderate, and >40 mL/m 2 as severe. 102 The transmitral inflow velocities characterize LV filling and are used to differentiate the grades of DD. The early mitral inflow velocity, or E, is influenced by the LA/LV pressure gradient and is dependent on LA pressure, LV compliance, and the rate of LV relaxation. 101 The A velocity is produced by atrial contraction and is influenced by LV compliance and LA contractility. The DT of the E wave correlates with the time it takes to equalize pressures between the LA and LV. Reduced equilibration times will shorten the DT, while longer times will increase it. Impaired relaxation lengthens the IVRT, while reduced compliance and increased LV filling pressures shorten it. The IVRT is affected by heart rate and ventricular function and although it is not useful as a single test to detect abnormalities in LV filling pressures, it may be useful in following the response to treatment.
Doppler values for normal diastolic function include an E/a ratio of 0.9-1.5, a DT of 160-240 ms, and an IVRT of 70-90 ms. The first stage of DD is grade I or mild and is characterized by impaired relaxation and a reduction in the velocity of mitral annular relaxation. Normally, there are regional differences in myocardial relaxation. Relaxation starts in the apex and moves toward the base, and this apex-to-base pressure gradient is responsible for the diastolic suction required for early diastolic filling. 46 This slowed relaxation causes the ventricular chamber pressures to decrease at a reduced rate, prolonging the time to minimum diastolic pressure compared with normal patients, reducing the LA/LV pressure gradient, and resulting in decreased passive, or early, diastolic filling. At this stage, late ventricular filling by atrial contraction is only minimally affected, producing late filling velocities that supersede early filling. Stage I DD manifests as a reversal of the E/A ratio <0.9 and a DT >240 ms. As long as there is adequate LV filling, intact atrial contraction, and an adequate diastolic filling period, LV pressures remain normal. The only clinical manifestation is reduced diastolic reserve and an inability to increase the rate of LV relaxation during exercise. There is a subset of patients with an A wave dominant transmitral inflow velocity and elevated filling pressures, as measured by an increased LA volume and an increased septal E/E′ ratio of >15, which is known as stage Ia.
The next stage is grade II or moderate DD, also referred to as pseudonormal. As DD progresses, the LA pressure rises to a point where the pressure gradient between the LA and LV is restored, allowing early filling despite slowed LV relaxation. Despite the increase in early diastolic filling, LV relaxation peaks late during diastole. This late peak may result in the appearance of a characteristic L-wave prior to atrial contraction. 103 The pressures that impede forward flow are reflected back to the LA and pulmonary veins. This returns the transmitral flow pattern to an E-wave dominant pattern and decreases the DT. This phenomenon is described as pseudonormalization, and can be differentiated from a normal pattern by the e′ and E/E′, as measured with TDI, the LA volume, provocative testing with Valsalva or a nitroglycerin challenge, propagation velocity, or speckled tracking.
The mitral annular motion or E′, as measured by TDI, is useful in distinguishing between type II DD and a normal transmitral pattern. Normally, mitral inflow is initiated with rapid LV relaxation and suction of blood into the LV. When 
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Diastolic dysfunction this occurs, the onset of E′ will either be slightly before or simultaneous with the onset of the transmitral E. Reduced early LV relaxation decreases the mitral annular motion or E′. A septal E′ <8 cm/s or a lateral e′ <10 cm/s is associated with reduced LV relaxation. If LA pressure is elevated and LV relaxation reduced, the E velocity may precede the onset of E′. 104 A limitation of E′ is that it is obtained from a single site on the mitral valve annulus and the assumption is that the E′ reflects global relaxation. Pulmonary vein flow is of lesser value in the diagnosis of DD. In patients with moderate-to-severe DD, there is a blunting of the S wave, indicative of elevated left atrial pressure (LAP). In patients with a low E/E′ ratio, pulmonary vein flow duration greater than mitral inflow duration at atrial contraction may indicate an earlier stage of reduced LV compliance and increased LV end-diastolic pressure. The mitral inflow propagation velocity (Vp) indirectly measures the degree of diastolic suction by measuring the velocity of the mitral valve inflow jet. The propagation velocity is obtained using color M-mode with the cursor in the direction of the mitral inflow jet. [105] [106] [107] The Vp is measured as the slope of the line of the first aliasing velocity from the mitral valve to 4 cm distal to the LV, with a normal Vp of >50 cm/s. The Vp is a measure of ventricular relaxation, but is inaccurate in hypertrophic and dilated LVs. 2D speckle tracking can be used to detect global myocardial motion, with less interference by annular and valvular pathology. The strain rate during isovolumic relaxation (SRivr) is a measure of global myocardial relaxation and may be a promising new tool in the evaluation of DD. Stage II DD is associated with decreased E′, increased E/E′ ratio, and an LV volume >28 mL/m 2 .
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Besides assessing for DD, the E/E′, E/Vp, and E/SVivr ratios can be used to detect elevated mean pulmonary capillary wedge pressures (PCWP). An E/E′ >15 indicates elevated mean PCWP, while an E/E′ <8 indicates a normal PWCP. The mitral E wave/SRivr ratio is more sensitive in detecting increases in the mean PCWP, when compared to the E/E′ ratio, especially in the patients with an E/E′ of 8-15. 110 An E/SVivr ratio of >236 is indicative of elevated mean PCWP. The ratio of E/Vp can also be used to estimate LV filling pressure, with an E/Vp >1.5 suggestive of a PCWP >15.
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The next grade of DD is grade IIIa, also known as severe or reversible restrictive. At this stage, the atrial pressures have risen even further, such that early filling can resume despite the higher early diastolic LV pressure. The late diastolic pressures have become so elevated that even a coordinated atrial contraction generates only a relatively small pressure gradient. Atrial contraction against the higher LV end-diastolic pressures results in only modest forward flow, but does demonstrate an increase in retrograde pulmonary vein flow. 113 As a result, the transmitral flow pattern demonstrates accelerated E-velocities, resulting in an E/A ratio of >2 cm/s and a DT <160 ms. The high-pressure chambers demonstrate higher E-velocities and equilibration is rapid between the stiff chambers. In these patients, provocation with nitroglycerin or a Valsalva maneuver reverts from the restrictive pattern to a grade I mitral valve inflow pattern. Clinically, these patients are likely to present with symptomatic heart failure at rest. The last and most severe grade of DD is grade IIIb, otherwise known as grade IV or fixed restrictive DD. The primary feature differentiating this stage from grade IIIa is the response to provocative testing. In all previous stages of dysfunction, transmitral flow patterns can be downgraded during conditions of decreased loading. Valsalva maneuvers and nitroglycerin administration temporarily reduce central venous return and, thus, atrial pressures. These temporary changes are reflected in the transmitral flow patterns as a reversion to an A>E waveform. In grade IIIb disease, the restrictive pattern does not change during provocation and is associated with a poor prognosis. Figure 3 describes the echo findings associated with the different stages of DD.
Clinical evaluation
The diagnosis of HFPEF begins with the history and physical exam to determine the presence of HF and to assess for concomitant disease. The history and physical exam itself cannot differentiate between HFPEF and HFREF. With regards to symptomatology, comorbid conditions in patients with HFPEF may contribute to the symptom burden by further impairing exercise tolerance, by reducing the threshold for symptoms, or by producing signs or symptoms that may be confused with HFREF. The patient's quality of life is affected not only by limitations in the activities of daily living but also by documented cognitive dysfunction. 114 The symptoms of heart failure include shortness of breath, orthopnea or paroxysmal nocturnal dyspnea, fatigue, and reduced exercise tolerance. Clinical findings include elevated jugular venous pressure, hepatojugular reflux, third heart sound, laterally displaced apical impulse, a murmur, and peripheral or pulmonary edema, especially with acute heart failure. The physical exam should also focus on comorbidities such as chronic kidney disease, diabetes mellitus, obesity, hypertension, AF, and COPD.
Laboratory studies include chemistry panels to determine the presence of renal, hepatic, or thyroid disease, glucose to 
126
Tawil and Gelzinis detect diabetes, a complete blood count and ferritin to assess anemia, estimated glomerular filtration rate, and biomarkers.
The most well-studied biomarkers are the NP, BNP, and its inactive precursor, NT-proBNP. NT-proBNP remains in the circulation longer than BNP because it is not metabolized by neprilysin, the enzyme responsible for metabolizing BNP. These peptides are released in response to long-standing LV stretch or increased wall tension. Although patients with HFPEF have lower levels of BNP than the patients with HFREF, for a given BNP level, the associated risk of allcause mortality and HF hospitalization is at least as high in patients with HFPEF. van Veldhuisen et al studied the use of BNP in patients with heart failure at baseline and over 18 months and related the BNP levels to a primary outcome, either a composite of all-cause mortality and HF hospitalization or to mortality alone. Even though the BNP levels were significantly higher in patients with HFREF, BNP was found to be a strong predictor of outcome in patients with HFPEF. Abbreviations: A, peak transmitral Doppler late filling; AR, pulmonary venous atrial reversal velocity; D, diastolic pulmonary vein peak velocity; DT, deceleration time; E, peak transmitral Doppler early filling; E′, tissue Doppler peak lateral mitral annular early diastolic velocity; IVRT, isovolumetric relaxation time; LA, left atrial; S, systolic pulmonary vein peak velocity; Vp, transmitral color M-mode propagation velocity. 
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Diastolic dysfunction BNP can also be used to differentiate HFPEF from comorbid conditions, such as obesity, anemia, and COPD, that can mimic the signs and symptoms of heart failure. In these conditions, the BNP may be normal or slightly elevated. 115 BNP and NT-proBNP can be used to predict outcome and the response to treatment. A BNP of >200 pg/mL or an NTproBNP >300 pg/mL is suggestive of HFPEF. Recently, other biomarkers resulting from neurohormonal activation and remodeling have been studied to aid in the diagnosis of HFPEF and as a guide to therapy. These include the biomarkers angiotensin II, renin, and aldosterone, to identify patients who are more likely to respond to RAAS inhibition, biomarkers of interstitial fibrosis including Galactin-3 (Gal-3) and soluble ST2 (sST-2), proinflammatory cytokines, and high-sensitivity troponins.
Gal-3 is a glycoprotein secreted by the activated macrophages that can induce myofibroblast proliferation, fibrogenesis, and tissue repair. 116 Elevated plasma Gal-3 levels in patients with HFPEF were associated with adverse outcomes, independent of NP values. They have been demonstrated to have prognostic value, but were not superior to BNP, sST2, or C-reactive protein (CRP) as a predictor of mortality. [117] [118] [119] The combination of BNP and Gal-3 was superior in risk prediction compared with either of the biomarkers alone, and Gal-3 was a more accurate predictor of poor outcomes in patients with HFPEF than in those with HFREF. 120 sST2, a member of the IL-1 family, protects the myocardium against the adverse effects of overload and has been correlated with cardiac fibrosis. 121 Studies regarding sST2 in patients with HFPEF have reported conflicting results. In a study of 195 consecutive patients, of which 76 had HFPEF, hospitalized with acute heart failure, sST2 alone or in combination with other biomarkers did not predict 6-month endpoints. 122 But in another study of 447 patients, of which 197 had HFPEF, with 1-year follow-up, sST2 was an independent predictor of mortality, regardless of the LVEF. 123 Wang et al demonstrated that sST2 was more accurate than NP in identifying the severity of DD. 124 Gal-3 and sST2 may have the potential to identify subgroups of patients that may respond to antifibrotic therapies such as the mineralocorticoid receptor antagonists.
HFPEF is associated with a proinflammatory state producing endothelial and myocardial inflammation that is related to oxidative stress. Endothelial inflammation has a larger impact in HFPEF compared to HFREF. 28 Elevated levels of proinflammatory cytokines affect immune activation and coagulation, causing skeletal muscle wasting, reducing myocardial contractility, and inducing myocardial hypertrophy. 125 The inflammatory cytokines, tumor necrosis factor alpha (TNF-α), IL-6, CRP, and pentraxine, are markers for risk stratification in patients with HFPEF. Increases in TNF-α and its receptors, TNFR1 and TNFR2, are associated with advanced age, renal dysfunction, HTN, DM, peripheral vascular disease, and AF. 126 Other biomarkers include MMP and TIMP, which have been found to be indicators of DD. 127 Inflammatory biomarkers may be a measure of the risk for developing HFPEF in patients with DD 128 and may be useful in assessing treatments targeting glycemic status, weight control, and exercise. The use of pleiotropic drugs, such as metformin and statins, may help improve the proinflammatory state in HFPEF. Metformin may be useful in treating prediabetic patients to prevent LV remodeling and cardiac fibrosis in HFPEF. 129 Statins have anti-inflammatory, antihypertrophic, antifibrotic, and antioxidant effects and have been associated with reduced proinflammatory biomarker levels and improved echocardiographic measures of diastolic function and both cardiac and all-cause mortality. 130 Coronary artery and coronary microvascular disease (CMVD) are the hallmarks of HFPEF. Advanced age, obesity, HTN, DM, and myocardial inflammation causing endothelial dysfunction are associated with CMVD, and the severity of myocardial fibrosis and LVH is correlated with the degree of CMVD. 32 The biomarkers associated with CMVD include the high-sensitivity troponins. Elevated concentrations of these troponins are detectable even in the absence of unstable CAD and are associated with increased mortality. 131 In a large multicenter registry, HFPEF patients had lower troponin levels than HFREF patients, suggesting less ongoing ischemic myocardial damage. 132 Elevated high-sensitivity troponin has been found in the majority of HFPEF patients. It has been found to be associated with advanced age, DM, higher NT-proBNP levels, lower glomerular filtration rate (GFR), larger LA size, and larger LV volume and mass 133 and may be used to differentiate the patients who would progress from LVH to HFPEF. 134 Besides laboratory studies, the workup includes electrocardiography (ECG) and transthoracic echocardiography and in patients presenting with acute heart failure symptoms, chest radiography. Spirometry may be considered to rule out pulmonary disease as the cause of dyspnea. In patients with nondiagnostic studies, further testing with CMR, right or left heart catheterization, or provocation tests may be required.
ECG may reveal LVH and LA enlargement, as well as arrhythmias, ischemia, and conduction abnormalities. Abnormalities that may suggest DD include measures of delayed repolarization, including a prolonged QT c interval, a prolonged T wave peak to T wave end (Tp-Te) interval, 
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Tawil and Gelzinis P wave dispersion in the resting ECG, and a hump sign (upward deflection of the ST segment) during exercise ECG. A normal ECG does not exclude the presence of HFPEF. 135, 136 According to the American College of Cardiology Foundation/American Heart Association Task Force guidelines, transthoracic echocardiography is the test of choice for diagnosing DD and HFPEF. 137 The hallmark of HFPEF is increased LA size and volume and Doppler echocardiographic measurements of impaired LV relaxation. These include the transmitral E and A velocity, the tissue Doppler E′, and the E/E′ ratio. The E is the peak velocity during early diastole measured with pulsed wave Doppler, and E′ is the peak velocity of the septal or lateral mitral valve annulus. The transmitral E wave reflects the maximal gradient between the LA and left ventricle. It is dependent on ventricular compliance, but is affected by intravascular volume and LA pressure, both of which are increased in HFPEF. E′ reflects the elastic recoil and active relaxation phase during diastole and correlates with t, the isovolumetric relaxation constant. The E/E′ more closely reflects the LVEDP, which is affected by impaired relaxation, reduced compliance, and increased circulating volume. An E/E′ >15 is considered diagnostic for impaired diastolic function in symptomatic patients. 111, 138, 139 In patients with an E/E′ between 8 and 15, HFPEF is present when the NT-proBNP is >220 pg/mL or the BNP is >200 pg/mL.
For patients with inadequate echocardiographic windows, CMR may be useful as a surrogate. CMR is becoming the imaging method of choice for assessing LV systolic function. It can image in any plane, is more reproducible than 2D echocardiography, and allows for improved visualization of the myocardium. The use of CMR has been expanded to assess DD and to determine the etiology of nonischemic cardiomyopathy. LA volume is an important determinant of LV filling pressure and is used in the diagnosis, prognosis, and response to therapy in both DD and HFPEF. CMR, using volumetric short-axis Simpson's methods, is considered the gold standard for calculating LA volume. 140 Through tissue characterization and late gadolinium enhancement, CMR is useful in differentiating between hypertrophic cardiomyopathy, hemochromatosis, sarcoidosis, and the presence, type, and prognosis of amyloid cardiomyopathy. CMR is also the gold standard for quantitating LV mass, which is associated with adverse cardiovascular outcomes and sudden death. CMR has been used to assess diastolic function by measuring the peak LV filling rates in early and late diastole, as well as the time to peak early LV filling. 141 Newer applications of CMR in the assessment of DD include T 1 mapping to quantify diffuse myocardial fibrosis and to measure the extracellular volume fraction. The extracellular volume fraction correlates with the collagen volume fraction, the degree of fibrosis, and with β, the load-independent LV myocardial stiffness constant, and can be used to predict intrinsic LV stiffness in patients with DD or HFPEF. 142 Blood flow velocity can be measured by velocity encoding or phase contrast CMR, 143 allowing measurements of mitral valve inflow and pulmonary vein velocities. 144 Strain, strain rate, and torsion can also be measured. CMR is also useful in determining the presence of pericardial disease.
When the clinical scenario and Doppler echocardiography are not sufficient to establish the diagnosis of HFPEF, or additional information is required to guide management, the patient may undergo invasive hemodynamic measurements of LV filling pressures. The gold standard is the direct measurement of LV pressure during left heart catheterization, which allows the direct measurement of the end-diastolic pressure and the calculation of t, the LV diastolic time constant, and b, the constant of chamber stiffness, measured as the slope of the pressure-volume curve. DD is suspected when t is >45 ms, b is >0.27, and the LV end-diastolic pressure is >16 mmHg. 145 Right heart catheterization has been used instead of or in addition to left heart catheterization, when pulmonary hypertension in suspected. In the absence of mitral stenosis or pulmonary vein disease, the PCWP correlates with LV diastolic pressure and an elevated pulmonary artery mean pressure >12-15 mmHg is indicative of elevated LV filling pressures.
One of the challenges of assessing diastolic function is that the patient with HFPEF is often asymptomatic at rest and symptomatic with exertion or increased venous return. A normal LVEDP or normal E/E′ may not exclude the diagnosis of HFPEF, as the degree of DD may be variable over time. Provocative tests are indicated when clinical suspicion is high, and include exercise or dobutamine Doppler echocardiography to measure diastolic reserve and intravenous fluid infusion or exercise during cardiac catheterization. 69, 146 In the absence of HFPEF, diastolic function should not change significantly with β-receptor stimulation. Pulmonary hypertension may also be unmasked.
Once HFPEF has been diagnosed, cardiopulmonary testing (CPX) can determine the functional limitations and other exercise abnormalities and may be used for prognosis. Information obtained from the CPX includes peak VO 2 , the VE/VCO 2 slope, heart rate and blood pressure changes, as well as subjective symptoms. The CPX can also detect concomitant issues such as ischemia, hypertensive 
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Therapeutic approach to HFPEF
Therapy in heart failure is aimed at the amelioration of symptoms, improvement in function and quality of life, and prolonging survival. Unlike patients with HFREF, where treatment modalities have been found to prolong survival, treatment for patients with HFPEF has only been shown to improve symptoms and quality of life, but not survival. This may be because HFPEF is a more heterogeneous disorder than HFREF. Once the diagnosis of HFPEF has been established, the focus of treatment is aimed at the relief of symptoms, improved quality of life, and decreased hospitalization. This includes treating the comorbidities and concomitant factors that contributed to the development of HFPEF. Treatment includes managing hypertension, preferentially with inhibitors of the RAAS system such as the angiotensin converting enzyme inhibitors and the angiotensin receptor blockers, diabetes with metformin, morbid obesity, OSA, CAD, and hyperlipidemia. Small retrospective clinical studies have suggested that statins improve mortality outcomes, possibly due to their pleiotropic and anti-inflammatory properties. A recent meta-analysis has revealed a trend in decreased mortality in patients with HFPEF. Randomized clinical trials are still needed to determine the benefit of statins in reducing mortality in these patients. 147, 148 Symptomatic relief requires consuming a low-sodium diet and the use of loop diuretics to maintain a euvolemic state. These patients have impaired diastolic function and are sensitive to volume status. Hypervolemia can precipitate pulmonary edema and hypovolemia can reduce cardiac output due to the steep preload-cardiac output relationship at low volumes. A subgroup analysis of the CardioMEMS Heart Sensor Allows Monitoring of Pressure to Improve Outcomes in NYHA Class III Heart Failure Patients (CHAMPION) trial revealed that patients on diuretic therapy had a 50% reduction in the incidence of hospitalization for heart failure. 149 Spironolactone has been demonstrated to have a small effect on E/E′, LV mass, NT-proBNP levels, and reduced hospitalization for HF. 150 To increase to duration of diastole and filling, b-or nondihydropyridine calcium channel blockers are a first-line therapy. Besides negative chronotropic effects, they have negative lusinotropic effects, which may be contributory to the increased prevalence of chronotropic incompetence in patients with HFPEF. 5 Along with pharmacologic therapy, promoting regular exercise and a healthy lifestyle is also important, especially in managing comorbidities. Exercise training in HFPEF improves exercise capacity and quality of life, but not mortality. [151] [152] [153] Recently, other well-known medications studied in the treatment of HFPEF include the angiotensin receptor blockers candesartan and irbesartan, the phosphodiesterase-5 inhibitor sildenafil, and the slow sodium channel inhibitor ranolazine. Candesartan and irbesartan have been studied with disappointing results. Candesartan slightly reduced the hospitalization rates without affecting mortality, 154 while irbesartan failed to improve cardiovascular outcomes or quality of life. 155, 156 Sildenafil, a phosphodiesterase-5 inhibitor, was thought to treat diastolic heart failure by increasing the supply of NO and reducing pulmonary hypertension, but showed conflicting results in two studies. The initial study by Guazzi et al, composed of elderly male patients with HFPEF and pulmonary hypertension, revealed that sildenafil significantly improved right atrial pressure, pulmonary artery pressure, right ventricular function, and quality of life. 157 However, in the more recent Phosphodiesterase-5 Inhibition to Improve Clinical Status and Exercise Capacity in Diastolic Heart Failure (RELAX) study, with patients more representative of HFPEF, sildenafil failed to improve either aerobic exercise capacity or echocardiographic measures of DD. 158 In the Ranolazine for the Treatment of Diastolic Heart Failure in Patients with Preserved Ejection Fraction (RALI-DHF) study, ranolazine, an antianginal agent that inhibits the slow sodium channel, was studied and found to have no significant effects on cardiac relaxation, filling pressure, or exercise tolerance. 159 Promising agents currently being investigated include the combination angiotensin-perilysin inhibitor valsartan/ sacubitril, the I f channel blocker ivabradine, and the IL-1 blocker anakinra.
NPs are responsible for vasodilation and diuresis by suppressing sympathetic and RAAS activity in response to the pressure and volume overload seen in heart failure. They act by inhibiting the reabsorption of sodium in proximal and distal nephrons and by directly producing both arterial and venodilation. Their actions are terminated by neprilysin, an endopeptidase enzyme. Besides the NPs, neprilysin also metabolizes the vasodilators substance P and bradykinin, as well as the vasoconstrictors endothelin-1 and angiotensin II. 160 The net effect of neprilysin will depend on the balance between its actions of the vasodilating and vasoconstricting peptides. 161 As heart failure progresses, there is a hyporesponsiveness and resistance to NPs due to downregulation of natriuretic receptors, altered signal transduction, and increased neprilysin activity. 160 Tawil and Gelzinis Valsartan is an angiotensin receptor blocker with an affinity for AT 1 and blocks the actions of angiotensin II. Neprilysin inhibitors increase endogenous NP levels. Valsartan is added to sacubitril because the neprilysin inhibitors also inhibit the inactivation of angiotensin II. Valsartan/sacubitril decreased blood pressure, preferentially reducing systolic blood pressure, more than valsartan alone without an increase in angioedema. 162, 163 The Prospective Comparison of ARNI with ARB on Management of HFPEF (PARAMOUNT) trial, a Phase II trial comparing valsartan/sacubitril with valsartan in patients with symptomatic HFPEF and elevated NT-pro-BNP levels, found that with long-term therapy, valsartan/sacubitril reduced NT-pro-BNP levels, NYHA heart failure classification, blood pressure, and LA size, while preserving the renal function as seen by a decrease in creatinine and an increase in estimated glomerular filtration rate without a significant increase in angioedema. 164 When switching patients from an ACE-I to valsartan/sacubitril, it is important to have at least a 36-hour ACE-I-free period before starting valsartan/sacubitril to prevent bradykinin accumulation and angioedema; but even with this drug-free interval, some patients may still develop angioedema.
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LA size and LV mass were found to be independently associated with an increased risk of morbidity and mortality. 35 By reducing the LA size and the risk of AF, valsartan/ sacubitril has a potential in treating patients with HFPEF.
A substudy analysis of the I-Preserve trial revealed an inverse association between heart rate and the incidence of hospitalization and mortality. 165 Ivabradine, an I f channel blocker, acts on the sinus node to reduce the heart rate without affecting inotropy. A small Phase II study demonstrated that ivabradine significantly improved aerobic exercise capacity, as measured by peak VO 2 , ventilatory efficiency, as measured by the VE/VCO 2 ratio, myocardial relaxation, measured by E′, and diastolic cardiac reserve independent of the maximal heart rate response to exercise. 166 In a small pilot crossover trial, anakinra, an IL-1 blocker, significantly reduced CRP levels and improved peak VO 2 and VE/VCO 2 . A Phase II study in patients with HFPEF treated with anakinra or placebo is ongoing.
Along with pharmacologic therapy, device therapy is currently being studied for patients with HFPEF. This includes rate-adaptive pacing to reduce chronotropic incompetence and exercise-induced dyspnea 167 and LA pacing through a coronary sinus lead in patients with atrial dyssynchrony syndrome, characterized by interatrial conduction delay and increased LA stiffness. A pilot study demonstrated that LA pacing increased exercise tolerance, as measured by the 6-minute walk test distance, as well as improvements in LA and LV filling. 168 Structural devices in development for the treatment of HFPEF include percutaneous interatrial shunts created to reduce LA pressure and exertional dyspnea and devices to mechanically assist LV relaxation. The InterAtrial Shunt Device (DC Devices, Inc., Tewksbury, MA, USA) is a percutaneously implanted 8 mm shunt tested in a pilot study of eleven patients with HFPEF and was found to reduce PCWP by 5.5 mmHg at 30 days as well as NYHA symptoms in most patients. This device is currently being studied in the Reduce Elevated Left Atrial Pressure in Patients with Heart Failure (REDUCE LAP-HF) trial. 169 The CORolla device (Corassist Cardiovascular Ltd, Herzliya, Israel) is composed of an elastic spring implanted in the LV apex that absorbs energy during ventricular systole and then applies expansion forces to the septum and lateral wall during diastole, increasing the diastolic suction and LV filling. Currently, this device requires surgical implantation, but a transapical approach is under development.
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Future directions
Future directions in the management of patients with HFPEF include aggressively treating comorbidities, developing new biomarkers to accurately determine the main pathologic process leading to HF, and targeted strategies, instead of a "one-size-fits-all" regimen. Poorly treated comorbidities can cause death in these patients and aggressive treatment may delay the development of HFPEF.
Treatment strategies will be targeted to the dominant pathologic process, including passive stiffness, fibrosis, fluid retention, heart rate and rhythm, and pulmonary hypertension. Pacing and new devices, such as the CORolla, are also in development to treat the chronotropic incompetence and impaired relaxation associated with HFPEF.
Conclusion
HFPEF is a heterogeneous disorder characterized by multiple etiologies and diverse clinical presentations, complicated by a lack of universally accepted diagnostic criteria, resulting in a failure to improve morbidity and mortality, as compared to patients with HFREF. With ongoing research into the mechanisms of this disorder, new therapies are being developed to improve both symptoms and survival.
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